Colquhoun RJ, Tomko PM, Magrini MA, Muddle TW, Jenkins ND. The influence of input excitation on the inter-and intra-day reliability of the motor unit firing rate versus recruitment threshold relationship. Decomposition of the surface electromyographic (sEMG) signal is commonly used to examine motor unit (MU) firing behavior. However, the intra-and inter-day reliability of these measurements has yet to be quantified or reported. This investigation 1) examined the effect of input excitation on the mean firing rate (MFR) vs. recruitment threshold (RT) relationship and 2) determined the inter-and intra-day reliability of the MFR vs. RT relationship at 30%, 50%, and 70% of maximum voluntary isometric strength (MVIC). Twenty-eight healthy males (23 Ϯ 3 yr) completed two experimental visits, during which they performed MVIC testing and isometric ramp contractions at 30%, 50%, and 70% MVIC. sEMG signals were recorded from the vastus lateralis during the ramp contractions and decomposed to establish the MFR vs. RT relationship for the detected MUs. Intra-and inter-day reliability was then established for the slopes and y-intercepts of the MFR vs. RT relationship at each contraction intensity. All participants displayed significant MFR vs. RT relationships (r range: Ϫ0.662 to Ϫ0.999; P Յ 0.001-0.006). Intra-and inter-day intraclass correlation coefficients (ICCs) ranged from 0.766 -0.824 and 0.867-0.919 for the slopes and from 0.780 -0.915 and 0.804 -0.927 for the y-intercepts, respectively. Furthermore, the slope coefficient was significantly greater at 70% than at 30% MVIC, and the y-intercepts increased with increasing contraction intensities. Changes in input excitation to the MU pool alter the magnitude, but not the reliability, of the slopes and y-intercepts of the MFR vs. RT relationship.
INTRODUCTION
As the smallest functional unit of the central nervous system in skeletal muscle, our understanding of motor unit (MU) activation and firing behavior is paramount to improving our knowledge of the neural mechanisms responsible for force production and motor control. MU behavior is historically recorded through the use of fine-wire and/or needle electrodes, which has limited the study of MU firing behavior to just a few MUs detected during low-to moderate-force contractions. However, recent advances in technology have allowed for the noninvasive assessment of MU behavior through surface electromyography (sEMG) (De Luca et al. 2006; Nawab et al. 2010; Negro et al. 2016) . Perhaps the most appealing aspect of this technology is the ability to track a larger number of MUs during a full range of contraction intensities, compared with more invasive approaches.
In the past, MU firing behavior was typically analyzed by grouping MU data across multiple subjects without regard for an individual MU's recruitment threshold (RT). However, investigators have recently begun to warn that this practice probably provides limited information regarding the firing behavior of the MU pool (Contessa et al. 2016) . Instead, expressing the firing rates of the detected MUs as a function of their RT (i.e., the MFR vs. RT relationship) provides greater insight into the firing behavior of the active MUs (Beck et al. 2011; Trevino et al. 2016 ) This relationship appears to be sensitive to both acute changes, such as following muscle fatigue Stock et al. 2012) , as well as chronic changes to the neuromuscular system, as shown by the differences between individuals of different training backgrounds Herda et al. 2015; or following neurological events such as stroke (Suresh et al. 2011) . Additionally, the MFR vs. RT relationship has been shown to be sensitive to changes in excitation to the MU pool (De Luca and Hostage 2010; Hu et al. 2013b Hu et al. , 2014 .
Although the decomposition method originally presented by De Luca et al. (2006) has been validated by Hu et al. (2013a) , the relative and absolute reliability of MU firing behavior using this method has not been previously investigated or reported. However, the reliability of measurements is critical for designing studies and for understanding and interpreting the findings of any scientific investigation utilizing these methods (Weir 2005) . Furthermore, because input excitation to the MU pool likely influences the MFR vs. RT relationship, it is important to assess the reliability of this relationship across a range of target torque levels. Therefore, the purpose of this investigation was to 1) examine the effect of input excitation on the MFR vs. RT relationship and 2) determine the inter-and intra-day reliability of the MFR vs. RT relationship during isometric contractions at 30%, 50%, and 70% maximum voluntary isometric strength.
METHODS
Subjects and ethical approval. Twenty-eight healthy, recreationally active men (age: 23 Ϯ 3 yr; height: 176.6 Ϯ 5.6 cm; weight: 86.7 Ϯ 12.7 kg; resistance training experience: 5.2 Ϯ 3.9 yr) volunteered to participate in this investigation. The participants were informed of all experimental procedures and completed a written informed consent document and health history questionnaire before completing any testing. None of the participants reported any current or ongoing neurological disorders or musculoskeletal injuries at the time of this investigation. The study's procedures were approved by the university's Institutional Review Board in accordance with the Declaration of Helsinki.
Isometric testing. The participants reported to the laboratory on three separate occasions, each separated by 7 Ϯ 2 days, to complete isometric strength testing. Participants were seated in a calibrated isokinetic dynamometer (Biodex System 4; Biodex Medical Systems, Shirley, NY) with their knee and hip joints set at 90°and 120°angles, respectively. The axis of rotation of the dynamometer was aligned with the lateral epicondyle of the right femur, and restraining straps were placed over the trunk and pelvis to limit any extraneous movement. The participant's right leg was strapped into the arm of the dynamometer~3 cm above the medial malleolus of the right ankle. Visit 1 served as a familiarization session, in which all procedures were thoroughly explained and the participants then performed several practice attempts until they were able to proficiently perform each of the following tasks: 1) maximal voluntary isometric contractions (MVIC); 2) 30% MVIC ramp (MVIC ramp ) contractions; 3) 50% MVIC ramp contractions; and 4) 70% MVIC ramp contractions.
Visits 2 and 3 served as experimental visits in which data were collected and analyzed. As warm-up, participants performed two to three submaximal warm-up contractions each at~25, 50, and 75% of their perceived best effort . Following the warmup, participants then performed two MVIC attempts, during which they were instructed to kick out "as hard as possible" for~5 s. Ninety seconds of rest were given between each attempt to limit fatigue. If the participant's second MVIC attempt was higher than the first, a third attempt was given following an additional 90-s rest period. However, no participant's third attempt was higher than the second, and thus no participant completed more than three MVIC attempts. The highest force (MVIC max ) achieved during a 1,000-ms epoch of the subject's MVIC attempts was then recorded and utilized to calculate the trajectory for subsequent ramp contractions.
Subjects then completed 2 MVIC ramp contractions at three contraction intensities: 30%, 50%, and 70% MVIC max . The contraction order was randomized for each participant, and~90 s of rest were provided between contractions to avoid any undue fatigue. Each ramp contraction followed a trapezoidal shape that began and ended with a 3-s quiescent period. Additionally, the trajectory of each ramp ascended gradually at a rate of 10% MVIC max ·s Ϫ1 until the target force was reached and then plateaued for 10 s at the target force level before descending back to baseline at 10% MVIC max ·s Ϫ1 , regardless of target intensity. Thus the total duration of each contraction was 22, 26, and 30 s for the 30%, 50%, and 70% MVIC contractions, respectively. These procedures were identical for visits 2 and 3.
Surface electromyography. sEMG signals were collected from the vastus lateralis (VL) of each participant using a specialized 5-pin sensor and 16-channel Bagnoli acquisition unit (Delsys, Natick, MA). Before placement of the sensor, the skin was carefully prepared by shaving, abrading, and cleansing with alcohol to reduce interelectrode impedance (Hermens and Freriks 1997) . The sensor was then secured to the VL with hypoallergenic tape in accordance with the recommendations of Zaheer et al. (2012) . A reference electrode (Dermatrode; American Imex, Irvine, CA) was placed over the spinous process of the C7 vertebrae and secured with hypoallergenic tape.
The four channels of raw sEMG signal recorded during each contraction were stored on a personal computer and decomposed offline using the Precision Decomposition III algorithm, as first described by De Luca et al. (2006) and later improved on by Nawab et al. (2010) . Once the decomposition process was completed, only MUs demonstrating at least 90% accuracy, as determined by the Decompose-Synthesize-Decompose-Compare test, were retained for final analysis. Before analysis, all MU firing rate curves were smoothed by low-pass filtering each MU's impulse train with a 2-s Hanning window. Custom-written (N. D. M. Jenkins) LabVIEW programs (version 2017; National Instruments, Austin, TX) were built and utilized to analyze all MUs that met the accuracy criteria. The raw torque signal, as well as the RTs and firings of individual MUs for two subjects at each torque level, are depicted in Fig. 1 . The MU properties calculated in the present investigation were RT, defined as the relative torque (%MVIC) at which the motor unit first discharged, and MFR, calculated as the average firing rate (pulses/s, pps) during the plateau in each individual MU's firing curve Muddle et al. 2018) . Finally, the synaptic inputs received by the motoneuron pool were compared between torque levels. That is, for each MU, the firing rate at RT was subtracted from the MFR at target torque, which was expressed relative to the difference between the target torque and the RT (Martinez-Valdes et al. 2018 ). These relationships were then compared across torque levels.
Reliability analysis. We utilized strict MU criteria to assess the reliability of MU behavior during the submaximal contractions. Specifically, only contractions from participants meeting the following criteria were utilized in the final analysis: 1) for all contractions, the MU population detected must have displayed an RT range of at least 20% of the target intensity; 2) the MU population detected during a subject's contractions used in the inter-and intra-day reliability analysis must have displayed RT ranges that were within 20% of the target contraction intensity of each other; 3) the largest MU recorded during a subject's contractions used in the inter-and intra-day reliability analysis must have had an RT within 20% of the target contraction intensity of each other; and 4) the contractions used for reliability assessment must have each accurately yielded more than five MUs. In these ways, we ensured that the slope and intercepts of the MFR vs. RT relationship were being calculated from a similar population of MUs for each contraction used in the reliability analyses. Intra-day reliability was established for visit 2, whereas the first contraction at each respective intensity was utilized to establish inter-day (i.e., visit 2 vs. visit 3) reliability. However, if the first contraction did not meet the above requirements, the second contraction was utilized.
Input excitation. To assess the effects of input excitation on MU behavior, the slope and y-intercepts of the MFR vs. RT relationship from the contraction that yielded the most MUs and greatest RT range at each contraction intensity during the second visit (i.e., first experimental visit) were utilized in this analysis.
Statistical analysis. Regression analyses were utilized to determine the slopes and y-intercepts of the MFR vs. RT relationships, as suggested by Trevino et al. (2016) . Pearson product-moment correlation coefficients were also established for the MFR vs. RT relationship for each contraction.
To examine the relative intra-and inter-day test-retest reliability of the MFR vs. RT relationship, intraclass correlation coefficients (ICC 2,1 ) were calculated in accordance with the recommendations of Weir (2005) . The ICC 2,1 model utilizes a random factor model that includes both random and systematic factors in the denominator to allow generalizations to outside laboratories and testers (Jenkins et al. 2013 (Jenkins et al. , 2015 Weir 2005) . Furthermore, 95% confidence intervals (CIs) were calculated about each ICC, as described previously (Jenkins et al. 2014; Shrout and Fleiss 1979) . To examine the absolute intra-and inter-day test-retest reliability of the MFR vs. RT relationship, the standard error of measurement (SE) was calculated as the square root of the mean square error term from the ANOVA table and expressed in the units of measurement. The coefficient of variation (CV) was also calculated by expressing the SE relative to the grand mean (%).
To examine the effects of input excitation on the MFR vs. RT relationship, changes in the mean slopes and y-intercepts of the MFR vs. RT relationship were examined using analyses of covariance (ANCOVA) (Zar 1984) . Finally, changes (due to increasing contraction intensity) in the individual slopes (Howell 2012) and y-intercepts (as described by Wuensch 2007)) of the MFR vs. RT relationship were also examined using custom-built (R. J. Colquhoun) Microsoft Excel worksheets (Microsoft, Seattle, WA). All other analyses were performed using SPSS (version 24; IBM, Armonk, NY). The type I error rate for all analyses was set a priori at 5%.
RESULTS
For the intra-day ICC analyses, 14, 18, and 15 subjects met the above inclusion criteria and were utilized in the analyses at 30%, 50%, and 70% MVIC, respectively. For the inter-day ICC analyses, 16, 17, and 15 subjects met the above criteria and were utilized in the analyses at 30%, 50%, and 70% MVIC, respectively. In addition, 21 subjects were used in the input excitation analyses. All participants included in the analyses displayed significant MFR vs. RT relationship (r range: Ϫ0.662 to Ϫ0.999; P Յ 0.001-0.006 for all contractions, across all subjects). The mean MFR vs. RT relationship modeled at each force level ( Fig. 2A) , as well as the plotted individual relationships at each contraction intensity (Fig. 2 Input excitation. A total of 1,401 MUs (30% MVIC: 400 MUs; 50% MVIC: 475 MUs; 70% MVIC: 526 MUs) from 21 subjects were utilized in the analyses examining the effects of input excitation on the MFR vs. RT relationship. Overall, we observed significant differences among the slopes of the MFR vs. RT relationship at 30%, 50%, and 70% MVIC ( Fig. 2A ; F 2,15 ϭ 6.66, P ϭ 0.009). Follow-up analyses indicated that the slope of the MFR vs. RT relationship was more negative at 50% than 70% MVIC (F 1,10 ϭ 7.08, P ϭ 0.024) and at 30% than 70% MVIC (F 1,10 ϭ 7.35, P ϭ 0.022). Because the slopes were so different at 50% vs. 70% and at 30% vs. 70% MVIC, an analysis of the y-intercepts was not possible. However, the y-intercept of the MFR vs. RT relationship was lower at 30% than at 50% MVIC (F 1,11 ϭ 118.3, P Ͻ 0.001).
When individual slopes were compared at 30% vs. 50% MVIC, a significant change was observed with increasing excitation for 14 of the 21 subjects analyzed. However, 15 of the 21 subjects exhibited an increase in y-intercept from 30% to 50% MVIC, including the 7 subjects who did not have a significant change in slope coefficient. These results are displayed in Table 3 .
When individual slopes were compared at 30% vs. 70% MVIC, a significant change was observed with an increase in excitation for 13 of the 21 subjects analyzed. Additionally, 18 of the 21 subjects exhibited an increase in y-intercept from 30% to 70% MVIC, including the 8 subjects who did not have a significant change in slope. These results are displayed in Table 4 .
When individual slopes were compared at 50% vs. 70% MVIC, a significant change was observed with increasing excitation for 11 of the 21 subjects analyzed. Additionally, 15 of the 21 subjects exhibited an increase in y-intercept from 50% to 70% MVIC, including 9 of the 10 subjects who did not have a significant change in slope. These results are displayed in Table 5 .
Finally, when changes in synaptic input (Fig. 3) were examined, as described above and previously by (Martinez-Valdes et al. 2018) , there was a significant decrease in y-intercept at 50% MVIC compared with 30% MVIC (30% MVIC vs. 50% MVIC: 7.5 vs. 5.6 pps; P ϭ 0.006), with no significant change in slope (P ϭ 0.179). There was a significant decrease in slope (30% MVIC vs. 70% MVIC: 0.198 vs. 0.142 pps/ %MVIC; P ϭ 0.019) and y-intercept (30% MVIC vs. 70% MVIC: 7.5 vs. 5.1 pps; P ϭ 0.001) from 30% to 70% MVIC. Moreover, we observed a significant decrease in slope from 50% to 70% MVIC (50% MVIC vs. 70% MVIC: 0.169 vs. 0.142 pps/%MVIC; P ϭ 0.012), with no significant change in y-intercept (P ϭ 0.360). The intra-day ICCs and CVs for firing rate at RT were 0.856 and 5.9%, 0.821 and 7.6%, and 0.681 and 10.7% for 30%, 50%, and 70% MVIC, respectively. The intra-day ICCs and CVs for MFR during force plateau were 0.859 and 6.0%, 0.828 and 10.2%, and 0.626 and 10.2% for 30%, 50%, and 70% MVIC, respectively. The inter-day ICCs and CVs for firing rate at RT were 0.751 and 10.4%, 0.550 and Fig. 2 . A: modeled depiction of the mean firing rate vs. recruitment threshold relationship during the isometric contractions performed at 30%, 50%, and 70% of maximum voluntary isometric contraction (MVIC) strength. The mean slope coefficient was significantly lower during 30% than 70% MVIC (P ϭ 0.023). There was also a significantly greater y-intercept at 70% MVIC than at 30% (P Յ 0.001) and 50% MVIC (P ϭ 0.047). The mean y-intercept was significantly greater during 50% than 30% MVIC (P ϭ 0.029). B-D: mean firing rate (pulses per second, pps) vs. recruitment threshold (%MVIC) relationships for each individual subject at 30% (B), 50% (C), and 70% MVIC (D). Each color corresponds to an individual subject. Intra-day intraclass correlation coefficient (ICC), 95% confidence interval about the ICC (CI), standard error of measurement (SEM), coefficient of variation (CV), and P value for systematic variability (Sig.) for the slope and y-intercepts of the mean firing rate (MFR) vs. recruitment threshold (RT) relationship at each contraction intensity (maximal voluntary isometric contraction, MVIC). 11.5%, and 0.809 and 9.9% for 30%, 50%, and 70% MVIC, respectively. The inter-day ICCs and CVs for MFR during force plateau were 0.631 and 9.6%, 0.601 and 9.4%, and 0.796 and 8.7% for 30%, 50%, and 70% MVIC, respectively. However, it is likely that the ICCs for these measured are suppressed due to the homogeneity of the sample (Weir 2005) , as evidenced by the relatively low CVs.
DISCUSSION
Despite increasing use of the MRF vs. RT relationship in the literature to describe motor unit behavior (Beck et al. 2011; Colquhoun et al. 2018; De Luca and Hostage 2010; Herda et al. 2015; Miller et al. 2018; Muddle et al. 2018; Sterczala et al. 2018; Stock et al. 2012; Trevino et al. 2016) , this is the first study to investigate and report the intraand inter-day reliability of the MFR vs. RT relationship, as determined by sEMG decomposition, during low-to moderately high-intensity (30 -70% MVIC) contractions. The primary findings of the present investigation were that 1) there was no systematic variability present between contractions (i.e., intra-day) or visits (i.e., inter-day) for the slopes or y-intercepts of the MFR vs. RT relationship at 30%, 50%, and 70% MVIC, except for the inter-day slope at 30% MVIC and the inter-day y-intercept at 50% MVIC; 2) the slopes and y-intercepts displayed intra-day ICCs of 0.766 -0.824 and 0.780 -0.915, respectively, and these ICCs were all greater than zero; 3) the slopes and y-intercepts displayed intra-day CVs of 17.3-19.4% and 8.9 -13.5%, respectively; 4) the slopes and y-intercepts displayed inter-day ICCs of 0.867-0.919 and 0.804 -0.927, respectively, and these ICCs were all greater than zero; and 5) the slopes and y-intercepts displayed interday CVs of 15.7-18.3% and 7.7-15.2%, respectively. Furthermore, the magnitude of the intra-and inter-day ICCs and CVs were not dependent on the contraction intensity. Using highdensity sEMG decomposition technology, Martinez-Valdes et al. (2016) also reported comparably strong inter-day reliability of MU parameters such as discharge rate, the CV of inter-spike intervals, and action potential amplitude across difference contraction intensities. Furthermore, our results suggest that contraction intensity, and thus input excitation to the motoneuron pool, did influence the slope and/or y-intercept of the MFR vs. RT relationship across force levels. Our analysis revealed more negative slopes at 30% and 50% MVIC compared with 70% MVIC, with no significant difference in slope between Inter-day intraclass correlation coefficient (ICC), 95% confidence interval about the ICC (CI), standard error of measurement (SEM), coefficient of variation (CV), and P value for systematic variability (Sig.) for the slope and y-intercepts of the mean firing rate (MFR) vs. recruitment threshold (RT) relationship at each contraction intensity (maximal voluntary isometric contraction, MVIC). 30% and 50% MVIC. Analyses did, however, reveal a significantly lower y-intercept of the MFR vs. RT relationship at 30% compared with 50% MVIC. Overall, our data suggest that if the strict criteria outlined earlier are followed to ensure that similar MU populations are studied during each contraction, the sEMG decomposition method used in the present investigation provides highly reliable, noninvasive assessments of MU behavior of the VL during low-to moderately highintensity contractions. Finally, our results also demonstrate that input excitation influences the y-intercepts and, to a lesser extent, the slopes of the MFR vs. RT relationship. The assessment of MU behavior is critical for understanding the acute and chronic effects of fatigue, disease, aging, training, and/or other interventions on neuromuscular function. With advancements in technology, investigators have begun to assess MU behavior noninvasively from the surface of the skin, utilizing sEMG decomposition (De Luca et al. 2006; Nawab et al. 2010; Negro et al. 2016 ). This methodology overcomes Significance (Sig.) value for y-intercept only presented when no significant change in slope was found. *Significantly different slope value between 30% and 70% maximal voluntary isometric contraction (MVIC). †Significantly different y-intercept value between 30% and 70% MVIC. RT relationship at all contraction intensities. Our analyses also indicated that the slopes exhibited "good" intra-day relative reliability at 30% MVIC (ICC ϭ 0.78) and "excellent" relative reliability at both 50% (ICC ϭ 0.81) and 70% MVIC (ICC ϭ 0.82), whereas the y-intercepts of the MFR vs. RT relationship exhibited "good" intra-day relative reliability at 30% MVIC (ICC ϭ 0.780) and "excellent" intra-day relative reliability at 50% (ICC ϭ 0.85) and 70% MVIC (ICC ϭ 0.92). Thus, overall, these data suggest that both the slopes and y-intercepts of the MFR vs. RT relationship demonstrate strong relative inter-and intra-day reliability during submaximal contractions across a range of contraction intensities. Whereas relative reliability (e.g., ICC) is reflective of a test's ability to differentiate between an individual's rank within a group, absolute reliability (e.g., SE) reflects the precision of individual subject scores and therefore provides an index of the expected trial-to-trial noise (Weir 2005) . Overall, the measurements in the present study all exhibited relatively low SE and CV values at all contraction intensities examined. Specifically, the inter-day SE values for the slope coefficients were Ϫ0.10, Ϫ0.07, and Ϫ0.06 pps/%MVIC, with CV values of 18.3%, 15.9%, and 15.7% at 30%, 50%, and 70% MVIC, respectively. Similarly, the intra-day SE values for the slope coefficients were Ϫ0.10, Ϫ0.07, and Ϫ0.07 pps/%MVIC, with CV values of 19.4%, 17.3%, and 17.9% for 30%, 50%, and 70% MVIC, respectively. The y-intercepts displayed even greater absolute reliability than the slope coefficients, with inter-day SE values of 3.63, 1.87, and 3.30 pps and CV values of 15.2%, 7.7%, and 11.3% for 30%, 50%, and 70% MVIC, respectively. The intra-day SE values were 3.03, 2.08, and 2.61 pps, and CV values were 13.5%, 8.9%, and 9.0% for 30%, 50%, and 70% MVIC, respectively. Thus our analyses provide strong support that when strict MU criteria are utilized, the noninvasive sEMG decomposition technology used in the present investigation provides researchers the ability to reliably assess longitudinal changes in the MFR vs. RT relationship during a large range of submaximal isometric contraction intensities.
It has been well established that the overall MU control scheme during voluntary contractions is characterized by an inverse relationship between an MU's firing rate and RT (Kernell and Monster 1982) , which has been termed the "onion skin" control scheme (De Luca et al. 2006; De Luca and Erim 1994) . Although this control scheme has been observed across a range of muscles and force levels (De Luca et al. 1982a , 1982b De Luca and Erim 1994) , alterations in the slope and/or y-intercept of the MFR-RT relationship have been observed with changes in excitation to the motoneuron pool (De Luca and Hostage 2010; Hu et al. 2013b Hu et al. , 2014 . We examined the increase in discharge rate from recruitment to target torque relative to the increase in torque from the MU's recruitment threshold, which has been suggested as a measure of synaptic input received by the motoneuron pool (Martinez-Valdes et al. 2018 ). This examination indicated an increase in synaptic input to the motoneuron pool with increasing contraction intensity, which is consistent with the findings of Castronovo et al. (2015) . Furthermore, our results suggest that with increased input excitation to the motoneuron pool, there is an increase in the homogeneity of firing rates across the RT spectrum, and thus a saturation of firing rates of the active MU pool, resulting in the characterization of the MFR vs. RT relationship by a less negative slope. Furthermore, we also observed a significant increase in the y-intercept of the MFR vs. RT relationship with increasing contraction intensity, indicating a consistent increase in the firing rates of the smallest detected MUs with increasing synaptic input (De Luca and Hostage 2010; Trevino et al. 2016 ). Previously, it was suggested that this relationship between MFR and RT defines an "operating point," which shifts with varying levels of input to the motoneuron pool (De Luca and Hostage 2010). Taken together, our results support those of De Luca and Hostage (2010) and suggest that the 
MFR -FR @ RT (pps)
Target Torque -RT (%MVIC) A B C Fig. 3 . Linear regression analysis of the difference between mean firing rate (MFR) at target torque and firing rate (FR) at recruitment threshold (RT) (y-axis) as a function of the difference between target torque [i.e., 30% (A), 50% (B), and 70% (C) maximal voluntary isometric contraction (MVIC)] and torque at recruitment threshold (x-axis). There was a significant decrease in y-intercept at 50% compared with 30% MVIC [30% vs. 50% MVIC: 7.5 vs. 5.6 pulses/s (pps); P ϭ 0.006], with no significant change in slope (P ϭ 0.179).
There was a significant decrease in slope (30% vs. 70% MVIC: 0.198 vs. 0.142 pps/%MVIC; P ϭ 0.019) and y-intercept (30% vs. 70% MVIC: 7.5 vs. 5.1 pps; P ϭ 0.001) from 30% to 70% MVIC. Moreover, we observed a significant decrease in slope from 50% to 70% MVIC (50% vs. 70% MVIC: 0.169 vs. 0.142 pps/%MVIC; P ϭ 0.012), with no significant change in y-intercept (P ϭ 0.360).
onion skin MU scheme is preserved throughout a range of low (i.e., 30% MVIC) to moderately high (i.e., 70% MVIC) contraction intensities. However, there is a concomitant increase in the MFR of the active MUs, as well as an increase in the homogeneity of firing rates across the RT spectrum with increasing input excitation to the MU pool. The results of the present investigation provide evidence for "good" to "excellent" intra-and inter-day absolute and relative reliability of the slope and y-intercept of the MFR-RT relationship across a range of submaximal contraction intensities. Thus, when strict criteria are followed, the decomposition process utilized in the present investigation allows researchers and clinicians to reliably track changes in MU firing rate behavior across acute and chronic interventions. In terms of the overall MU control scheme, our data suggest that whereas the onion skin MU scheme is maintained with an increase in excitation to the MU pool (i.e., increased contraction intensity), there is an increase in the y-intercept and, to a lesser extent, an increase in the slope coefficient of the MFR-RT relationship with increasing input excitation. These changes are reflective of increased firing rates of the MU pool and an increasing homogeneity of firing rates across the RT spectrum, respectively.
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